ABSTRACT: Cement based laminates reinforced with five layers of long unidirectional aligned sisal fibers (SFCML) were developed and their mechanical behavior was characterized in this study. Both, flat and corrugated sheets, were cast by a manual lay-out of the fibers in a self-compacted cement matrix and compressed with a pressure of 3 MPa. To ensure the durability of the composites, the ordinary Portland cement (OPC) matrix was modified adding metakaolin (MK) and calcined clay brick powder (CCB) to consume the calcium hydroxide (CH) generated during the hydration of the Portland cement. The durability of the laminates was determined using wetting and drying cycles in a forced air flow chamber that allows the control of the wind velocity and air temperature enabling a simulation of the environmental conditions to which the material is subjected in real life. In this study, the air chamber was set to a wind speed of 0.5 m/s and a temperature of 37 o C. The composites were subjected to 25 cycles of wetting and drying after 180 days of fog cure. The flexural toughness and the post-cracking flexural strength were used to evaluate the durability of the composites. The results of the bending tests indicated that the composite containing calcined clay featured an improved durability. Corrugated and plain sheets were tested under three-point bending tests. The first crack and the ultimate strength were determined showing that the corrugated composite is 2.62 times stronger than the flat one. The toughness was determined in a three-point bending test and the results showed that the strength of the corrugated sheets was two times as high as that of the flat sheets.
INTRODUCTION
The use of vegetable fibers in concrete poses an exciting challenge to the housing construction industry, particularly in non-industrialized countries, since they are a cheap and readily available form of reinforcement, require only a low degree of industrialization for their processing and, in comparison to an equivalent weight of the most common synthetic reinforcing fibers, the energy required for their production is small and therefore, the costs of their fabrication are also low.
The tension hardening behavior of cement based composites can be obtained when they are adequately reinforced by either short random or long aligned fibers [Rei99] . A multiple cracking behavior under direct tension is normally observed in this type of material due to its high toughness, which distinguishes them from conventional fiber reinforced composites (FRC) . If the crack opening (w) is smaller than 100 µm, a significant improvement in durability will be obtained [Li04] . An example of this type of material is the Engineered Cementitious Composites (ECC) reinforced with coated short PVA fibers which present a pseudo tension hardening behavior with an ultimate strength as high as 5 MPa and ultimate strain of 5% [Li01] . Another example is the CEMTEC developed at LCPC [Par03] . The CEMTEC is a cement based composite reinforced by short randomly distributed steel fibers presenting a tension hardening behavior with an ultimate strength in the order of 20 MPa and with an elevated deformability. For vegetable fibers such as sisal, a tension hardening behavior was obtained when long aligned fibers were employed [Tol05, Mel05] .
Cement pastes and mortars can be reinforced with vegetable fibers to manufacture thin section building components with variable shapes. However, these fibers undergo an aging process which leads to a reduction in composite strength and toughness. This durability problem is associated with an increase in fiber fracture and a decrease in fiber pull-out caused by a weakening of the fibers by alkali attack, fiber mineralization, due to a migration of hydration products to lumens and to the middle lamella, and due to a volume variation in these fibers caused by their high water absorption. To enhance the durability of vegetable fiber reinforced cement-based composites, several approaches have been studied including a fiber impregnation with blocking agents and water-repellent agents, a sealing of the matrix pore system, a reduction of the matrix alkalinity and combinations of fiber impregnation and matrix modification [Gra83, Can92, Tol03] .
In this study, investigations were conducted to improve the durability of Portland cement (OPC) based composites incorporating sisal fibers by partially replacing the OPC by metakaolin and crushed waste calcined clay bricks. The composites were submitted to an accelerated aging by cycles of wetting and drying in order to verify the efficiency of the treatments used. The durability of the composites is discussed on the basis of the results of flexural tests carried out before and after 25 cycles of aging. In this paper, the influence on the mechanical properties of the composites by modifying their geometry was examined.
Corrugated sheets were produced and tested under three-point bending tests. The first crack strength, the ultimate strength and the toughness were determined and compared to the values of the flat composites.
EXPERIMENTAL PROGRAM

Materials and processing
The CH free matrix was designed using the Portland cement CPII F-32, metakaolin from Metacaulim do Brasil Industria e Comércio LTDA, calcined clay brick burned at 850 0 C from an industry located in Itaborai -RJ, river sand with a maximum diameter of 1.18 mm and a density of 2.67 g/cm 3 and a naphthalene superplasticizer Fosroc Reax Conplast SP 430 with a content of solids of 44 %. The physical and chemical characteristics of the cementing materials are presented in Table 2 .1.
The sisal fibers used in this investigation were produced in Valente-Bahia, Brazil, whereas the mineral micro-fiber of wollastonite JG was obtained from Energyarc. The sisal fibers had an average density, elastic modulus and tensile strength of 0.90 g/cm 3 , 19 GPa and 577 MPa, respectively [Tol99] . The wollastonite fiber featured a density of 2.9 g/cm 3 . The optimum fiber volume fraction (V f ) of the sisal fiber was determined as 6 % based on results of fourpoint bending tests. The optimum content of wollastonite amounted to 5 % taking into account the results of indirect tension and compression tests [Tol05] . The Flow Table Spread (FTS) test was used to determine the content of superplasticizer to be added to the microreinforced matrices in order to guarantee a consistency higher than 30±1 cm for all mixes. More details can be obtained elsewhere [Tol05] . The thermogravimetric analysis and differential thermal analysis were used to determine the content of CH present in the OPC matrix and in the matrices containing MK and CCB as cement replacement. The tests were carried out in a SHIMADZU TGA-50 machine operating under a heating rate of 10 0 C/min until a maximum temperature of 1200 0 C. Equation 2.1 was used to compute the CH amount present in each mix: )) that, whereas the matrix M0 shows a down peak between 400 0 C and 600 0 C (which indicates the presence of CH in the mix) the matrix M1 only shows a smooth line indicating that the CH was completely consumed by the pozzolans. Using equation 2.1 it was found that the percentage of CH present in mix M0 was 14.94 %. Further details can be found elsewhere [Vel03] . The matrix was produced using a bench-mounted mechanical mixer with a capacity of 20 liters. The cementitious materials were dry mixed for 30 seconds (for homogenization) with the subsequent addition of sand and wollastonite. The powder material was mixed for 30 seconds more and when the superplasticizer was diluted in the water, it was slowly poured into the running mixer and subsequently mixed for 3 minutes.
For the production of the flat and corrugated laminates, the mortar mix was placed in a steel mould by a manual lay-out technique, one layer at a time, followed by one layer of fibers and vibration, cf. The vibrating table was used at a frequency of 65 Hz until a thin film of water appeared on its surface. Composites with five layers were produced using the technique described and then compressed at a pressure of 3 MPa for 5 minutes. The pressure of 3 MPa was chosen after an optimization process in which pressures ranging from 0 to 4 MPa were tested. Details of this study can be found elsewhere [Mel05] . The composites were fog cured for 28 days in a cure chamber with 100 % relative humidity (RH) and 23±1 0 C. 
Test Methods
A Shimadzu UH-F 1000 kN was used to perform the bending tests. The tests were carried out at a crosshead rate of 0.5 mm/min. The set-up used for the mechanical tests are presented in Figure 2 .4. To investigate the durability, three specimens with the dimensions of 400 mm x 100 mm x 12 mm (length x width x thickness) were tested under a four-point bending (300 mm span). Corrugated and flat sheets (3 specimens) were tested in a three-point bending configuration (cf. Figure 2 .4 (b)) to study the influence and the possible benefits of the corrugation. Deflections at mid-span were measured using an electrical transducer (LVDT) and the loads and corresponding deflections were continuously recorded using a 32-bit data acquisition system taking four readings per second.
The durability of the composites was investigated by means of four-point bending tests performed on aged and non-aged composites. The aging process was simulated by wetting and drying cycles. Based on a series of controlled experiments, the period of wetting and drying was determined to be three days. The composites were kept under water at 20 0 C for one day and dried for 2 days using a forced air flow chamber (FAFC) which was previously set to a temperature of 36 ± 1 0 C and to a wind velocity of 0.5 m/s. The room in which the wetting and drying cycles were performed was set to a temperature of 34 ± 1 0 C and a RH of 47 ± 1 %. The FAFC (cf. Figure 2 .5) was specially designed to prevent cracking due to thermal stresses caused by the different temperatures when moving the composites from wetting to drying and vice-versa. 
RESULTS AND ANALYSIS
In Figure 3 .1, the four-point bending tests on the OPC (M0180F) and CH free (M1180F) composites fog cured for 180 days are presented. The M0180F showed a first crack strength (FCS) of 6.53 ± 0.63 MPa (average value and standard deviation) and a post-crack flexural strength ( u ) of 19.40 ± 2.94 MPa (determined of the maximum load carried out by the composite after the first crack event using the bending formula u =6M/bd 2 , where b is the width and d the thickness). The M1180F featured a first crack strength (FCS) of 6.84 ± 0.38 MPa and a post-crack flexural strength ( u ) of 19.90 ± 0.37 MPa. Although the average ultimate flexural strengths of the two composites were the same, their displacements in relation to the ultimate strength were quite different. It could be discerned that the average displacement at ultimate strength amounted to 17.6 mm for the OPC composite and to 23 mm for the CH free mix. The toughness of the composites was calculated from the area under the load-deflection curves obtained under bending up to a post-peak deflection corresponding to 40 % of the peak load [Ril84] . For M0180F and M1180F, a toughness of 22.54 ± 4.39 kJ/m 2 and 21.7 ± 3.36 kJ/m 2 , respectively, was determined.
It can be seen from Figure 3 .1 (b) and Figure 3 .1 (c) that both the OPC and the CH free composites featured a multiple cracking behavior: the fiber tensile strength was obviously not affected during the period of fog curing. The OPC and CH free composites showed 34 cracks with an average distance of 0.71 ± 0.13 cm and 14 cracks with an average distance of 1.57 ± 0.68 cm, respectively. When comparing the aged OPC to the aged free CH composites, a decrease in the ultimate strength by the factor 3 and in toughness by the factor 50 was found. This is a strong confirmation that the sisal fibers were attacked and mineralized by the alkaline pore water. It can also be noticed that the fracture mode has changed: the M125C (cf. Figure 3 .2(b)) showed a multiple cracking behavior with a formation of 10 cracks (distance between cracks of 2.56 ± 0.98 cm) while the M025C showed a single cracking behavior (cf. Figure 3.2 (c) ). This behavior also indicates that the sisal fibers were mineralized in the aged OPC composite resulting in a loss of the fiber tensile strength. The flat composites featured an average first crack strength of 1.24 ± 0.12 kN and an ultimate strength of 3.91 ± 0.21 kN. The corrugation increased the stiffness which resulted in higher first and ultimate crack strength values of 6.81 ± 2 kN and 10.26 ± 2.34 kN, respectively, cf.. Figure 3 .3. Both composites showed a multiple cracking behavior. However, the cracking pattern in the plain sheet was more concentrated in the center while in the corrugated, it was more randomly distributed over the material, cf. values which referred to the ultimate strength amounted to approximately 10 mm for the corrugated and to 24 mm for the flat sheet, respectively, which results from the higher stiffness promoted by the corrugation.
Again, the toughness was calculated from the area under the load-deflection curves obtained under bending up to a post-peak deflection corresponding to 40 % of the peak load. The corrugated and flat composites showed toughness values of 39.48 ± 5.5 kJ/m 2 and 19.65 ± 0.31 kJ/m 2 , respectively. This increase in toughness of 200 % in toughness shows that, besides the benefits in ultimate and first crack strength, the capacity of energy absorption is also raised by the corrugation.
CONCLUSIONS
This work demonstrated the potential of the use of long aligned sisal fibers as reinforcement in thin cement based laminates for semi-structural and structural applications. The material presented a multiple cracking process in bending with a strain hardening behavior which can lead to an improvement in its durability. The TGA results indicated that cement matrices free of CH can be developed using 50 % of metakaolin and calcined clay brick as partial cement substitution. CH free composites subjected to wetting and drying cycles using a newly developed apparatus, which has been named FAFC, have shown an ultimate bending strength which was 3 times higher and a toughness which was 50 times higher than the OPC based composite subjected to the same conditions. It was found that the corrugated sheets featured an ultimate bending strength which was 262 % higher and a toughness which was 200 % higher than the values of the flat sheets.
